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1.0 INTRODUCTION

The SPE Oxygen Generator Assembly (OGA) has been modified to correct
operational deficiencies present in the original system, and to effect changes
to the system hardware and software such that its operating conditions are
consistent with the latest configuration requirements for the International
Space Station Alpha (ISSA). The effectiveness of these changes has recently
been verified through a comprehensive test program which saw the SPE OGA
operate for over 740 hours at various test conditions, including over 690
hours, or approximately 460 cycles, simulating the orbit of the space station.

This report documents the changes made to the SPE OGA, presents and
discusses the test results from the acceptance test program, and provides
recommendations for additional development activities pertinent to evolution
of the SPE OGA to a flight configuration. Copies of the test data from the
acceptance test program are provided with this report on 3.5" diskettes in
self-extracting archive files.

2.0 BACKGROUND

The SPE OGA, originally designated the LFSPE Oxygen Generation
Subsystem, was delivered to Boeing Aerospace and NASA/MSFC in
April 1990 as part of the Space Station Freedom Environmental Control and
Life Support Systems (ECLSS) Technology Demonstration Program. The
system was designed to safely and efficiently generate oxygen and hydrogen
gas using a 12-cell liquid feed SPE water electrolyzer. Two distinct
generation levels were specified and designed into the system: NORMAL and
EMERGENCY. With the system in the NORMAL configuration, the oxygen
generation rate was set for 11.12 Iby/day, and for the EMERGENCY
configuration, the rate was set for 14.72 Iby/day. Oxygen and hydrogen gas
were maintained at 200 and 160 psia, respectively, using a nitrogen reference
system operating at a pressure of approximately 230 psia. The oxygen could
be delivered to either a low pressure storage system or distribution bus, or
delivered directly to the cabin atmosphere, while the delivery of hydrogen
could be diverted to either a COg reduction system or a waste gas vent. The
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system was designed to use product water from the hygiene water processor
as feed stock for the electrolysis process.

Performance testing of the LFSPE commenced in June 1990 in Building 4755
at NASA/MSFC. However, due to operational difficulties experienced by the
system, and due to a reallocation of funding, the LFSPE only accumulated
approximately 37 hours of test time. A second test program initiated in
November 1990 saw the system operate for 529 hours: 169 hours with DI
water; 270 hours with product water from a reverse osmosis system
processing shower water; and 90 hours with DI water at the conclusion of the
test program. The system operated for approximately 515 hours at the
EMERGENCY oxygen generation rate, exhausting product gases at ambient
pressure.

During the conduct of the two test programs at NASA/MSFC, the LFSPE
experienced operational deficiencies that occasionally resulted in improper
operation of the system and, in some cases, unscheduled test shutdowns. The
issues identified as either problems or areas for concern were:

* Water carry-over from the hydrogen phase separator during start-up
transient conditions

* Rising cell potentials while operating the system with water from the
RO water processor

* Inadequate priming of the recirculation water loop pump

* Inaccurate flow sensor readings of the recirculating water loop

* Inadequate heat rejection from the recirculating water loop heat
exchanger due to higher than expected cell potentials

* Failure of the three-way solenoid valves which divert the flow of
generated gas to either a delivery or vent interface

* Blistering of hydrophobic membrane material in the oxygen phase
separator, inhibiting gas transport

* Frequent alarm conditions triggered by the hydrogen sense cell of the
hydrogen phase separator assembly

* Failed electrical contactor for the 4-way ball valve, resulting in
incomplete valve travel
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e Failed current control isolation board, resulting in reduced current to
the electrolysis module and hence reduced gas output

During 1994, NASA/MSFC contacted Hamilton Standard to discuss a
refurbishment program for the LFSPE that would address and correct the
above listed deficiencies, and would incorporate design changes to the system
hardware and software to address the most recent ISSA configuration.
Specifically, the requirements changes that bore the largest impact on the

system design were:

e Generation of oxygen while on the light side of the space station orbit

e Variable oxygen generation rates (7.4 1bp/day nominal; rate to be
variable + 10%)

e Space station nitrogen interface reduced to 100 psia, maximum

Hamilton Standard proposed a refurbishment program to ION Electronics in
April 1994. The goals of the program were to develop an SPE oxygen
generator assembly that incorporated the design changes necessary to reflect
the requirements for the ISSA, and to demonstrate flawless performance of
the system during all aspects of operation. A contract to perform activities
pursuant to the stated goals was awarded by ION in May 1994. The major
elements of the program included:

o Conduct a baseline test of the as-received system to determine the
status of key system components

o Refurbish the system to incorporate design changes necessary to
correct system deficiencies, and provide variable oxygen generation
rates and cyclic system operation

e Test the effectiveness of the design changes

e Provide field support of the unit once returned to NASA/MSFC
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3.0 BASELINE TEST PROGRAM

A baseline test program of the returned LFSPE Oxygen Generation
Subsystem was completed in September 1994. The objective of the baseline
test was to note the performance of key system components, in particular the
electrolysis cell stack, the oxygen and hydrogen phase separator assemblies,
and the fan/heat exchanger assembly prior to system refurbishment. A copy
of the master test plan for baseline testing of the unit is included as
Appendix A. A copy of the test data from the baseline test is also included in
the referenced appendix.

The system operated for 56.9 hours in the Process state, with 39 hours at the
NORMAL rate (11.12 Ib,/day oxygen), and 17.9 hours at the EMERGENCY
rate (14.72 lbn/day oxygen). In general, the results from the baseline test
program were comparable to those observed during the last test program
conducted by NASA/MSFC in December 1990. Specifically:

* Water carry-over in the hydrogen phase separator was observed
during start-up transient conditions. The typical volume of water
observed during start-up was 30 - 50 ml.

* The recirculating water loop experienced pump priming problems
during system start-up and shutdown depressurization transient
conditions. In addition, the recirculating water loop bellows tank
would occasionally expand to the first shutdown switch once gas
generation had begun.

* The average cell potential for the 12-cell electrolysis stack operating
at a current of 79 amps (Emergency oxygen generation rate) and a
water exit temperature of 120°F was approximately 1.87-1.88 Vdc for
both this and the previous test program. In addition, the
performance of the fan/heat exchanger assembly was satisfactory for
the duration of this test program as it was for the NASA/MSFC test
program once testing with product water from the RO water
processor was discontinued.

* The hydrogen sense cell alarm triggered a number of times during
system start-up. Diagnostic testing of the stripper cells and sense
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cell circuits revealed that the stripper cell power supply or its control
circuit occasionally malfunctioned, resulting in the delivery of
hydrogen-saturated water to the sense cell. A separate power supply
was installed in the power supply cart for the duration of this test
program, bypassing the original supply and control circuit. In
addition, the shutdown associated with high sense cell currents was
bypassed.

A number of minor discrepancies were also observed during the conduct of
the test program, including low water feed rates from the feed pump
resulting in a system shutdown due to a low level in the recirculation water
loop bellows accumulator and BITE shutdowns of the process controller while
changing setpoints. The discrepancies were logged in the test plan for future
action once the refurbishment activity was underway.

4.0 SYSTEM REFURBISHMENT

Refurbishment of the OGA began in September 1994 at the conclusion of the
baseline test program. The entire system was disassembled to the component
level, with each item separately bagged to preserve its cleanliness. A
summary of the refurbishment activities is presented below. A detailed
description of the refurbished system and a narrative describing system
operation are included as sections 4.11 and 4.12, respectively.

4.1 Hydrogen Phase Separator Refurbishment

The original hydrogen phase separator assembly employed a single
hydrophilic membrane to effect the bulk fluid separation. However, during
system start-up, water would become entrained in the gas outlet stream and
would subsequently be delivered to the downstream hydrogen system. As the
hydrogen generation pressure increased, the amount of water being carried
over decreased until no water was present. Since the system achieved full
production output in only a few minutes, the carry-over was attributed to the
high gas velocities present in the hydrogen phase separator during this
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transient condition, resulting in inadequate contact time with the hydrophilic
membrane.

The hydrogen phase separator assembly was modified to incorporate dual
hydrophilic-hydrophobic cavities, and successfully demonstrated proper fluid
separation at all operating conditions of the revised system. A schematic of
the refurbished hydrogen phase separator assembly is included as Figure 4.1-
1. Water is transported across the hydrophilic membranes to the
electrochemical hydrogen pumps, while the hydrogen gas flows through the
hydrophobic membranes to the hydrogen pressure control system. A detailed
description of the operation of this device is included in the System
Description section of this report.

4.2 Electrolysi 11 Stack Refurbishmen

During the November 1990 test program at NASA/MSFC, the LFSPE was
tested for a total of 529 hours. The test was divided into three modules:

¢ 169 hour test with DI water

e 270 hour test with product water from a reverse osmosis system
processing shower water

¢ 90 hour test with DI water

The first 169 hours of the test program saw a steady average cell potential for
the 12-cell electrolyzer. However, during the 270 hour test with processed
hygiene water, the average cell potential rose steadily. Eventually the
average cell potential exceeded the design point of the heat rejection system
of the LFSPE, and the recirculating water loop temperature began to increase
above its 120°F operating point. An additional fan was located in the vicinity
of the system fan/heat exchanger assembly to provide additional cooling
capacity. Once the water feed was returned to DI water, the average cell
potential began to decrease steadily, and continued to decrease for the
remainder of the 90 hour DI water test. In addition, the recirculating water
loop returned to its original design operating point of 115-120°F.
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At the conclusion of the test program, three theories were proposed to explain

the increase in the average cell potential:

1) Relaxation of the cell stack preload, resulting in higher screen to cell
membrane contact resistance.

ii) Heavy metal ion contamination of the solid polymer ion exchange
membrane.

iii) Organic contamination of the cell anode, resulting in a higher cell
polarization.

The first explanation was eliminated from consideration due to the fact the
cell potentials began to recover during subsequent testing with DI water.
The second explanation was also considered unlikely since: the water
analyses of the feed water did not indicate any heavy metal ion
contamination; the conductivity sensor in the subsystem did not detect any
breakthrough in the deionizer bed, and; because heavy metal ion
contamination is essentially irreversible, the cell potentials would not have
recovered when the feed stock was changed to DI water. The latter
explanation, organic contamination, was considered the most likely scenario.
Organic contamination would result in a masking of the anode of the
electrolysis cell, resulting in increasing cell operating potential as the
contamination continued to build. The anode catalyst is capable of oxidizing
smaller organic molecules, resulting in the evolution of CO, and H50, but has
a more difficult time with the larger organic molecules. Eventually, the
entire anode surface will reach some equilibrium level of contamination. At
that point, an equilibrium potential will be established, but at a higher level.
This theory was supported by the fact that, when the feed stock was changed
back to DI water, the cell potentials began to decrease, indicating oxidation of
and a decrease in the amount of material on the anode surface of the cells.



UNITED
\\"’/4 TECHNOLOGIES %ﬁoé}e‘;‘m
STANDARD Rev. Basic

During 1991, an IR&D program was initiated in an attempt to understand
these test results. Electrolysis cells were challenged with a variety of
different feed waters:

i) An ersatz recipe that duplicated the product water from the Space
Station Freedom hygiene water processor.

ii) Actual product water from the Space Station Predevelopment
hygiene water processor, processing shower and laundry water.

iii) Water solutions containing the maximum concentrations of
contaminant species from water analyses of the feed water used
during the 270 hour test program (see Table 4.2-1).

The test programs with the first two water feeds resulted in stable cell
operating potentials. However, while testing electrolysis cells with water
containing ammonia and Igepon TC-42 at the concentration levels listed in
the table, the cell potential rose at a rate similar to what was observed during
the 1990 test program. Testing of these cells continued until an equilibrium
potential was reached. The feed water to these cells was then converted to DI
water, and the cell potential began to decrease steadily as it had during the
1990 test program. As a result, it was concluded that the cause for the
steadily increasing cell potentials observed during the 1990 test program was
contamination of the feed water with ammonia and Igepon TC-42. The
TR&D program also indicated that the cells could operate with these
contaminants present in the feed water; the penalty, however, would be a
higher, but reversible, cell potential.

A new 18-cell electrolysis cell stack was built as part of the SPE 0GA
refurbishment program. The number of cells increased to 18 in order for the
new module operating at ambient temperature to maintain the same overall
thermal efficiency as a 12-cell stack operating at 120°F. The cell stack was
assembled using new hardware, including all frames, screen assemblies and
end plates. Since the feed water for the OGA has been changed from hygiene
quality water to potable water, it is anticipated that the performance of the
electrolysis cells should be stable, resulting in essentially flat cell potential
profiles as was witnessed during the 740 hour test program.
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TABLE 4.2-1
1990 LFSPE OXYGEN GENERATION SUBSYSTEM
FEED WATER ANALYSES *

COMPONENT CONCENTRATION (PPM)
Zinc .003
Sodium 1.33
Calcium .031

Iron 391
Chromium .268
Cadmium .083
Manganese .386
Potassium 24.3
Chloride 283

Sulfate 288
Fluoride 9.7

Nitrate .53
Ethanol 1.56
Toluene 23
Triiodomethane 14
Methanol 1.19
Ammonia 12.9
Detergent (Igepon TC-42) 1.18

* Source: Boeing Test Laboratories

Concentration level represents the highest recorded by the
Boeing laboratory for the species indicated

10
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The recirculating water loop was modified to: correct inadequate pump
priming at system start-up; correct loss of pump prime during system
shutdown; incorporate a thermal flow switch to monitor the water flow rate to
the stack, and; install a liquid-to-liquid heat exchanger to reject waste heat
from the water electrolysis process.

4.3.1 Pump priming

The initial configuration of the LFSPE Oxygen Generation Subsystem
included a deionizing bed and a ten-inch cartridge filter in the recirculating
water loop, and an in-stack oxygen phase separator assembly. However,
since the system operated at 200 psia, during system depressurization the
amount of oxygen evolved from the water loop nearly exceeded the volume
expansion capability of the metal bellows accumnulator. In order to reduce the
volume of the water loop, both the deionizer bed and the filter were removed
and replaced with jumpers. In addition, since the in-stack oxygen phase
separator had failed during in-process testing at Hamilton Standard, a
separate unit had to be installed on the outside of the package. Hence, the
packaging of components in the system was never optimized, resulting in
pockets of gas trapped in various parts of the recirculating water loop. A
separate purge routine was implemented to force gas out of the loop to allow
the pump to prime, but its performance was marginal.

In order to ensure adequate priming of the pump during all aspects of system
operation, a number of changes to the recirculating water loop were
implemented. First, the operating pressure of the loop was reduced from
200 psia to near ambient in order to reduce the amount of oxygen dissolved in
the water that would subsequently evolve during a system shutdown.
Second, the components in the loop were packaged closely together to
minimize loop volume and eliminate potential gas traps wherever practical.
And finally, the recirculation water loop metal bellows accumulator was also
modified to operate with a fixed nitrogen charge such that the pump inlet is

11
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always maintained above ambient pressure. Testing of the refurbished
system demonstrated correct pump priming even after a loss of power
shutdown.

4.3.2 Flow sensing

A flow sensor is included in the water recirculation loop to ensure power is
not applied to the cell stack when there is no water flow. The system
originally incorporated a Teflon turbine flowmeter; however, after
approximately 100 hours of operation the Teflon bearing failed resulting in
erratic readings from the sensor. The sensor was returned to the vendor and
refurbished with a harder bearing and shaft material; however, the sensor
continued to provide erratic readings. As a result, the flow sensor was
removed from the system, and a pressure sensor was installed just upstream
of the electrolysis module. This sensor, in conjunction with a pressure sensor
already installed downstream of the electrolysis module, was used to
calculate a pressure drop across the module. The pressure drop data was
then used to correlate a water flow rate through the module. However, since
the characteristics of the two-phase flow downstream of the module varied
with pressure, temperature and gas generation rate, the measurement was
somewhat crude and inaccurate.

In order to improve the reliability of the recirculating water flow
measurement, a thermal flow switch was installed upstream of the
electrolysis module. The flow switch determines whether a fluid is flowing at
the preset rate by sensing the temperature difference between two precision
resistors mounted within the housing of the flow monitor. One resistor is
located in the sensor tip, closest to the flowing fluid and heated to a
temperature that is a few degrees higher than the temperature of the fluid.
The second resistor is located such that it is affected only by the temperature
of the fluid. Cooling of the heated resistor is a function of how fast heat is
conducted away by the flowing medium. Therefore, the difference in
temperature between the two resistors provides a measurement of fluid
velocity past the sensor probe.

12
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The controller for the flow sensor is located inside the Electrical Interface Box
(EIB) which is mounted to the side of the system package. Potentiometers on
the controller allow the user to adjust the setpoint over a wide range of fluid
velocities. For the refurbished OGA, the controller was set such that a flow
rate of approximately 30% of normal, or 0.2 GPM, for a period of 10 seconds
would trigger an automatic shutdown of the system and provide a low flow
message to the user. The flow switch performance was satisfactory
throughout the 743 hour test program following system refurbishment. The
loss of recirculating water flow events recorded by the flow switch during the
test program were not sensor related, but were in fact the result of reduced
flow conditions caused by 1-g gas traps present in the system hardware (see
section 5.2).

4.3.3 Ligujd-to-liguid heat exchanger

With the oxygen operating pressure reduced to near-ambient conditions, the
oxygen/water mixture leaving the cell stack must be cooled to at or below
ambient temperature to assure that moisture condensation does not occur in
the oxygen delivery plumbing. Heat rejection in the original system was
provided by an ambient air cooled heat exchanger in the recirculating water
loop located upstream of the cell stack where there was no undissolved
oxygen flowing. In order to cool the recirculating water loop at this location
in the refurbished system, a heat sink much lower than the ambient air
temperature must be used. This would also require that the cell stack
operate at very low temperatures, reducing its efficiency or making it
necessary to add more cells.

The refurbished system employs a liquid-to-liquid heat exchanger located
downstream of the cell stack where there is a mixture of gaseous oxygen and
recirculating water. The heat exchanger uses the 65°F vehicle coolant loop as
the heat sink to reduce the delivered oxygen temperature to less than 70°F at
the maximum electrolysis rate during light side operation and with all 18
electrolysis cells operating at their maximum potential of 2.5 Vdc. The new
heat exchanger capacity is in excess of 800 watts, almost 3 times the capacity
of the original air-cooled heat exchanger assembly. At a coolant flow rate of

13
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500 lbm/hr, the pressure drop on the shell side of the heat exchanger is less
than 1 psid. Performance of the heat exchanger through the duration of the
743 hour test program was satisfactory, with no condensation observed in the
oxygen delivery line.

4.4 -

The original system employed 3-way solenoid valves at the oxygen and
hydrogen outlets to divert the flow of gas to either a storage system or vent
interface. However, during testing at Hamilton Standard and NASA/MSFC,
these valves failed due to overheated coils. When the solenoids were
originally specified by the valve supplier, he neglected to inform the solenoid
supplier that the coils would be enclosed in a stainless steel housing. As a
result, the coils operated at a much higher temperature than their design
point and eventually burned out.

The valve supplier replaced the burned coils and provided a driver circuit for
each of the valves to prevent overheating of the solenoid coils. The driver
circuit allows full power to the solenoid for .375 to0 .750 seconds upon initial
application of voltage at the input terminals. The voltage then automatically
drops to approximately 50% of full voltage, resulting in a hold-in current of
approximately 25% power until the input voltage is removed. Voltage (and
consequently power) reduction is achieved by pulse width modulating the
input signal. The driver circuit includes a full wave rectifier, AC line voltage
transient protection, and solenoid transient suppression. With the
refurbished system, only one valve is required, that being at the hydrogen
outlet. The 3-way valve allows the user to divert hydrogen flow to a
downstream CO, reduction system in the event the OGA is included in an air
revitalization integrated test program, or to a laboratory vent where the
nitrogen purge gas at system start-up and shutdown is also vented. During
the recently completed test program at Hamilton Standard, the refurbished
valve and driver circuit operated for approximately 600 hours without failure,
whereas the valve without a driver circuit typically failed after 50-100 hours
of operation.
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4.5 Ph T furbishm

During in-process testing of the original Technology Demonstration Oxygen
Generation Subsystem, the oxygen phase separator assembled as part of the
electrolysis cell stack experienced a failure due to an inability to transport
gas across the hydrophobic membrane. The results of a separate test
program of hydrophobic membranes indicated that the material was
susceptible to blistering under certain conditions. Once formed, the blisters
hindered the transport of gas across the membrane. It was theorized and
later confirmed by test that water vapor condensing within the microporous
structure of the membrane caused the blisters to be formed. In order to
alleviate this problem, the oxygen phase separator was redesigned so that the
gas side of the hydrophobic membrane was kept warmer relative to the two-
phase side, thereby preventing condensation. Rather than disassembling the
failed oxygen phase separator from the cell stack-manifold assembly, an
external phase separator was built and installed into the unit, with the failed
unit bypassed with additional plumbing.

During refurbishment of the OGA, both the external and the original in-stack
oxygen phase separator were disassembled. As originally suspected, the in-
stack phase separator, which had used what was later determined to be
blister-prone "S" material, had evidence of blistering over approximately 50%
of its surface. The external phase separator, which used the less susceptible
“X" material coupled with favorable differential temperature characteristics,
exhibited no signs of blistering. As a result, the phase separator hardware
was rinsed with clean DI water and reassembled with new hydrophilic
membranes. The hydrophobic membrane from the external phase separator
assembly was also rinsed with ciean DI water and returned to the assembly.
Performance of the oxygen phase separator assembly was satisfactory during
all aspects of system operation, incduding transitioning from standby to full
production back to standby.
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4.6

During the 529 hour test program at NASA/MSFC and subsequent baseline
testing at Hamilton Standard, the hydrogen sense cell triggered numerous
shutdowns due to high cell currents. Two causes for the shutdowns were
identified:

1) A malfunctioning power supply and/or control circuit for the four
stripper cells

2) Formation of a hydrogen bubble in the water outlet header of the
separator assembly and subsequent migration of this bubble to the
sense cell compartment

In the first case, if the four stripper cells failed to charge properly, then
hydrogen-saturated water would be delivered to the sense cell, triggering an
alarm condition. This condition appeared to occur on a number of occasions
when it seemed the power supply was unable to adequately charge the four
stripper cells. It was later determined that the circuit controlling the
charging rate for the stripper cells had malfunctioned. The circuit was
repaired, and correct operation of the power supply, control circuit and
hydrogen pump cells was subsequently demonstrated as part of this
refurbishment effort.

The second case, that of bubble migration, occurred on several occasions
when the four stripper cells appeared to be operating within normal
parameters. However, this became a nonissue when, after completing a
revision to the Failure Mode and Effects Analysis (FMEA) it was determined
that sufficient fault detection had already been incorporated into the system
and therefore a sense cell was not required in the assembly. During the
refurbishment of the hydrogen phase separator, the sense cell was removed
from the assembly.
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4.7 4- 1 Valve Mechanical T

Early in the test program at NASA/MSFC the LFSPE experienced a number
of shutdowns associated with improper hydrogen phase separator
performance and improper feed water bellows fill rates. After performing a
number of diagnostic tests it was determined that the mechanical contactor
driving the 4-way ball valve had been seriously pitted due to current levels
higher than the rating of the contacts. The contactor was subsequently
replaced with a unit having contacts rated at 6 amps, the in-rush current
rating of the valve. The valve performance was satisfactory throughout the
remainder of the test program.

Since the contactor rating was identical to the valve in-rush current,
additional margin on the contact rating was required to prevent a
reoccurrence of the previous failure. A contactor with a 10 amps rating was
installed and performed satisfactorily throughout the 743 hour test program.

4.8 Current Control Isolation Board

The current control isolation board failed to provide the correct signal to the
electrolysis power supplies while the system was set at the EMERGENCY
oxygen production level during the NASA/MSFC test program. As a result,
the board had to be modified during the test program to include a
potentiostat to fine tune the current level to the electrolysis cell stack. In
addition, it was believed that the current control signal may have been
drifting due to thermal variations within the power supply cabinet. However,
diagnostic testing of the circuit at the conclusion of the test program revealed
that the board had been assembled incorrectly and was therefore clamping
the control signal to a value lower than what was required to command the
power supplies at the EMERGENCY generation level. The error in the
control isolation board was corrected and the board reinstalled into the power
supply cabinet. The board functioned properly during the recently completed
test program.
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4.9 velic & Variabl

Changes to the requirements for the OGA for the ISSA dictate that operation
of the unit be limited to the daylight side of the orbit only and that the oxygen
production rate be variable. Hamilton Standard revised the control software
to allow the user to input light side/dark side time duration along with the
total oxygen production requirement on a per day basis. The inputs to the
control software can be made via the Modify/View Operation screen available
on the Command and Display Unit (CDU) or host system via the RS-232 port
and are described in detail in the Operations Manual. Based on these inputs
the system software calculates the oxygen generation rate required during
the system "on" times. During dark side operation, the system software
reduces the current to the module to a trickle value of 1 amp, sufficient to
maintain a charge on the electrolysis cells. The recirculating water pump,
feed water management and system instrumentation remain active during
this standby period. Full production resumes at the conclusion of the dark
period.

The SPE OGA control software allows the user to select a daily oxygen
production rate of 6.66 to 8.14 lbm/day (7.40 lby/day + 10%), LIGHT side
duration of 50 - 60 minutes, and DARK side duration of 40 - 30 minutes.
When transitioning from LIGHT to DARK, the current level to the
electrolysis cell stack instantaneously drops from its generation level to the
standby level of 1 amp. Once the duration of the DARK side has expired, the
current to the electrolysis module begins to ramp up, increasing 5 amps every
5 seconds until the required current for the requested production level is
attained. Typically, the time to reach full output is on the order of 40
seconds. The ramping rate is limited to the performance of the differential
back pressure regulator controlling the hydrogen phase separator. Increasing
the current ramping rate resulted in excessive differential pressures across
the hydrophilic membranes in the phase separator. The high differential
pressures can be attributed to the fact that, while the hydrogen pressure
which provides the reference to the regulator returns to its full production
level in the manner of a few seconds, the water pressure typically lags
thereby causing the high differential pressure. If faster ramping rates are
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required for the space station, the regulator can be replaced with a unit
offering a faster response, the water volume on the hydrogen phase separator
can be reduced, or a combination of both can be implemented.

During the acceptance test program, the SPE OGA was operated at the
minimum, nominal, and maximum daily oxygen production schedule and at
various LIGHT/DARK configurations. Gas production rates were verified
with a wet test meter. Detailed test results are included in the Master Test
Plan included in Appendix B of this report.

4.10 Nitrogen Interface Pressure

The original oxygen generation subsystem was designed to safely generate
oxygen at pressures up to 200 psia and hydrogen at pressures up to 160 psia.
Careful control of the generated gas pressures was maintained by a nitrogen
reference system operating approximately 20-30 psid above oxygen pressure
such that a pressure hierarchy of nitrogen over oxygen over hydrogen was
always maintained. With the electrolysis module operating at a maximum
temperature of 120°F, expanding the product gases to the pressure levels
originally specified for Space Station Freedom provided oxygen and hydrogen
at their required dew points. However, with the reduction of the nitrogen
interface to 100 psia maximum, the hardware and software for the pressure
control system had to be modified to reflect lower operating pressures.

The system hardware was modified to generate oxygen at near ambient
pressure for delivery directly to the crew cabin of the space station. Humidity
control of the oxygen is attained by incorporating a liquid-to-liquid heat
exchanger immediately upstream of the oxygen-water phase separator, and
the drop in gas pressure when exhausting oxygen from the phase separator to
the cabin. The heat exchanger was sized to operate from the vehicle 65°F
coolant loop. The nitrogen serves as a purge gas for the hydrogen circuit
during start-up and shutdown transients, and as a reference system
controlling hydrogen pressure to 25 psig minimum. Operating the cell stack
at near ambient temperature, coupled with the slightly elevated operating
pressure, maintains the hydrogen free of any condensate.
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The system software was extensively modified to incorporate lower pressure
operation. Reference pressure measurements between nitrogen and oxygen
were eliminated, and those between nitrogen and hydrogen were replaced
with direct pressure readings. In addition, the redundancy required for
nitrogen control of the oxygen system was eliminated with the drop in oxygen
pressure to ambient. Control setpoints for nitrogen, as well as shutdown
levels associated with fluid over and under pressure, were revised to reflect
the decrease in nitrogen pressure. The hardware and software revisions to
the nitrogen reference system performed satisfactorily during the conduct of
the acceptance test program, demonstrating the capability of the refurbished
SPE OGA to operate from the 100 psia ISSA nitrogen interface.

4.11 System Description

The refurbished SPE Oxygen Generator Assembly has been designed to
safely produce oxygen and hydrogen gas from the electrolysis of water. The
oxygen gas is generated and delivered at ambient pressure directly to the
environment, while the hydrogen is generated at slightly elevated pressure
for possible delivery to a CO; reduction system. A schematic of the fluid
system is presented in Figure 4.11-1. The SPE OGA includes all valves,
regulators, sensors and other controls for safe operation of the system.

The cell stack is a liquid anode feed water electrolyzer consisting of 18 SPE
water electrolysis cells assembled in a bipolar arrangement between two
compression end plates. A simplified schematic of a liquid anode feed cell is
depicted in Figure 4.11-2. In the electrolysis process, liquid water is fed to
the anode, or oxygen compartment, where it is electrolyzed to produce
gaseous oxygen, hydrogen ions, and electrons. The hydrogen ions, or protons,
are transported across the ion exchange membrane and the electrons travel
through the external electrical circuit to the cathode. These protons are fully
hydrated and deliver water to the cathode side of the membrane. The
electrons combine with the protons to form gaseous hydrogen at the cathode.
Excess water is pumped through the anode compartment to remove heat
generated by the electrolysis process.
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Oxygen and hydrogen are generated at a stoichiometric ratio and at a rate
proportional to the cell current. In order to satisfy the nominal daily oxygen
requirement of 7.4 lbm/day with a light side/dark side duty cycle of
53 minutes on/37 minutes off, the SPE OGA will generate oxygen at an
instantaneous rate of 12.57 lby/day. Control of the daily oxygen production
requirement, as well as the light side/dark side duty cycle, resides in the
system controller and can be accessed through the Modify/View Operation
screen of the Command & Display Unit. Additional control is also afforded to
the host computer via the RS-232 data bus as defined in the Operations
Manual.

The oxygen-water stream exiting the electrolysis cell stack enters a shell and
tube liquid-to-liquid heat exchanger (Item 554A) to reject waste heat from the
electrolysis reaction and to reduce the dew point of the oxygen gas. The heat
exchanger is designed to operate using 65°F water at a flow rate of 500 lby/hr
as the coolant. Temperature sensors located at the inlet (Items 736-1 and
736-2) and exit (Items 762-1 and 762-2) of the heat exchanger monitor its
performance.

The two-phase stream enters the oxygen/water phase separator (Item 907) to
deliver water free oxygen to the oxygen delivery system while oxygen free
water is returned to the water recirculation loop. Figure 4.11-3 depicts the
components of the oxygen/water phase separator. The two-phase mixture is
separated in two stages: in the first stage are located six hydrophilic
membranes that allow water to wick through but, because of their high
bubble point, the membranes will not allow gas to flow through. The fluid
exiting the two-phase cavity is mostly gas with a small amount of water
carry-over. The fluid is directed to the second stage, or "polishing” section of
the separator. The polishing section contains a hydrophilic and hydrophobic
membrane, where the remaining water is returned to the water recirculation
loop. The oxygen gas is delivered to the oxygen delivery system through the
hydrophobic membrane. Because the hydrophobic membrane has a high
water intrusion pressure (an attribute similar to the bubble point of a
hydrophilic membrane), the oxygen gas is delivered free of any liquid water.
A differential pressure sensor (Item 709) monitors the performance of the
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hydrophilic elements of the phase separator, and initiates a shutdown should
the pressure drop exceed a specified value (typically, less than half of the
membrane bubble point). The operating pressure of the water recirculation
loop is lower than the water intrusion pressure of the hydrophobic membrane
under all operating conditions. Water exiting the oxygen-water phase
separator is returned to the electrolysis cell stack by a gear pump driven by a
brushless DC motor (Item 463). Water flow to the module is monitored by a
flow switch (Item 745) located immediately upstream of the cell stack. The
flow switch will remove current to the module and initiate a system shutdown
should the water recirculation rate drop below a predetermined value.

A metal bellows accumulator (Item 606) which serves as a feed tank for the
electrolysis cell stack and an expansion volume for the water recirculation
loop during the system start-up transient is located immediately downstream
of the oxygen-water phase separator. As a feed tank, the metal bellows
stroke is minimal, operating between approximately 10 and 15 cubic inches of
volume. When the level in the tank falls below 10 cubic inches, the feed
pump (Item 464) is activated until the tank attains a level of approximately
15 cubic inches at which point the feed pump is turned off. As an expansion
volume, again the stroke of the bellows is minimal, with typical expansion
values of 10 cubic inches of less. When the system is started the water
recirculation loop is devoid of all gas. However, as power is applied to the
electrolysis cell stack, the oxygen gas bubbles generated within the cell
cavities cause an expansion in the volume of the loop, resulting in an
expansion of the bellows tank. The bellows tank expansion continues until
the gas bubbles reach the oxygen phase separator, at which point the bellows
begins to recollapse to its normal operating range.

The oxygen gas produced in the SPE electrolyzer is free of hydrogen, with
purities of 99.5% or greater typically measured. Since the SPE OGA has been
designed to operate with hydrogen pressure always greater than oxygen
pressure, redundant combustible gas sensors (Items 746-3 and 746-4) located
at the oxygen outlet interface constantly monitor the oxygen for hydrogen and
initiate a shutdown should the hydrogen level in the oxygen exceed 50% of
the lower explosive limit (LEL). A pressure sensor (Item 7061) initiates a
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shutdown should an obstruction occur in the delivery line, and a relief valve

(Item 126A) provides redundancy in the event of a failed pressure sensor.

The hydrogen-water exiting the cell stack is mostly hydrogen gas by volume
with a small amount of liquid water present from protonic pumping in the ion
exchange membrane. The hydrogen/water phase separator contains two
cavities, each containing a hydrophilic and hydrophobic membrane, and is
similar in design and operation to the polishing section of the oxygen/water
phase separator. Figure 4.1-1 depicts the design of the hydrogen/water phase
separator. The hydrogen gas passes through the hydrophobic membrane to
the hydrogen valve manifold containing the pressure control system, and the
water is delivered to the "stripper” section of the phase separator. The
stripper section contains four electrochemical hydrogen pumps that remove
dissolved hydrogen from the water before it is returned to the water
recirculation loop. The electrochemical hydrogen pump uses an SPE
membrane and electrode assembly similar to the electrolysis membrane and
electrode assembly. The degassed water is subsequently delivered to one of
two metal bellows accumulators (Items 605-1 and 605-2) after dropping in
pressure through a negative bias back pressure regulator referenced to
hydrogen (Item 130). A differential pressure sensor (Item 708) monitors the
performance of the hydrophilic element of the phase separator and performs a
similar function to its oxygen phase separator counterpart. In addition, the
performance of the electrochemical hydrogen pumps is monitored by
individual voltage and current sensors and initiate a shutdown of the system
should the values for these parameters fall outside predetermined limits.

As stated previously, the water exiting from the separator is stored in one of
two metal bellows accumulators (Items 605-1 and 605-2). Two tanks, in
conjunction with the four-way ball valve (Item 003), are provided for fault
isolation in the event of a failure of the hydrogen phase separator that is
undetected by either the differential pressure sensor or the stripper cell
voltage and current monitors. While water is being fed to one tank from the
phase separator the second tank is providing water, as required, to the water
recirculation loop via the feed water pump (Item 464). Employing two tanks
in this manner ensures that hydrogen gas is not introduced into the system
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anode loop, where it would subsequently flow into the oxygen delivery
system. As an additional back-up, redundant combustible gas sensors in the
delivery system would detect hydrogen carry-over into the anode loop and
initiate a system shutdown.

Hydrogen pressure control is maintained by a differential back pressure
regulator referenced to nitrogen. Figure 4.11-4 shows the differential
pressure control band. The primary hydrogen regulator (Item 120) maintains
hydrogen operating pressure 25 psid below nitrogen. Hydrogen pressure
control is monitored by a pressure sensor (Item 749); shutdown of the
SPE OGA will occur if hydrogen pressure drifts above or below the normal
band of the primary regulator. Mechanical backup for both high and low
differential pressure is provided by the redundant differential back pressure
regulator (Item 127) and relief valve (Item 125), respectively. If the primary
regulator fails closed and either the hydrogen pressure sensor or controller
fails to detect it, the redundant back pressure regulator will open to ensure
nitrogen pressure is maintained above hydrogen. Conversely, should the
primary regulator fail open and either the system: instrumentation or
controller fails to detect it, the nitrogen-hydrogen relief valve opens to
introduce nitrogen into the hydrogen circuit to ensure hydrogen pressure is
always maintained above oxygen pressure. A three-way solenoid valve (Item
005) at the regulator outlet directs flow to either the hydrogen outlet
interface during normal processing, or to the vent interface during shutdown
of the system.

As mentioned previously, nitrogen is used as a reference pressure for the
hydrogen pressure control system. The nitrogen is also used as a purge gas
during start-up and shutdown transient conditions: during start-up, the
nitrogen purges any air from the hydrogen lines and, during shutdown, it
purges hydrogen from the same lines. Nitrogen is introduced from the
facility through a normally closed solenoid valve (Item 051A). A pressure
sensor (Item 7062) monitors the nitrogen pressure and controls the operation
of the solenoid valve. A nitrogen accumulator provides sufficient purge
volume to safely and effectively purge the hydrogen circuit during start-up
and shutdown. Purging of the hydrogen circuit is accomplished by removing
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power to the normally open solenoid valve (Item 053) located between the

hydrogen and nitrogen circuit.

Feed water is provided to the SPE OGA from the facility through a normally
closed solenoid valve (Item 081-1). Operation of this valve is controlled by the
water level in the two feed water metal bellows accumulators (Items 605-1
and 605-2) and the position of the four-way ball valve between the two tanks
(Item 003). The feed water is polished with a deionizer bed (Item 295) to
ensure the water is free of any jonic contamination (cation and anion) that
would be detrimental to cell life. A conductivity sensor (Item 755) located
immediately downstream of the deionizer bed monitors water quality and
performance of the deionizer bed and initiates a shutdown should the water
conductivity exceed a specified value.

A listing of the parts used in the SPE Oxygen Generator Assembly processing
package is included as Table 4.11-1.

4.12 Svstem Operation

The SPE OGA is designed to accept control commands via the CDU or other
suitable device. The operating modes available for the system include
IMMEDIATE SHUTDOWN, OFF, ON, STANDBY, and MANUAL.
Additional information concerning these modes of operation is provided in the
Operations Manual.

Prior to starting the unit, the user should enter the oxygen production
requirement and the LIGHT/DARK side duty cycle from the Modify/View
Operation screen. If the OGA is to be operated in a cyclic manner, then the
user must also select PERIODIC oxygen delivery from the Assembly
Configuration screen. Once these tasks are completed, the user can then
access the Mode Select screen and select the ON mode. The system will then
transition to the ON mode PURGE state. The water recirculation pump
(Item 463) is turned on, the nitrogen inlet solencid valve (Item 051A) is
opened and power is applied to the electrochemical hydrogen pumps in the
hydrogen-water phase separator.
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TABLE 4.11-1
SPE OXYGEN GENERATOR ASSEMBLY
PARTS LIST
ITEM ITEM HSD VENDOR VENDOR
NUMBER DESCRIPTION PART PART NUMBER
NUMBER
003 Ball valve, 4-way SVSK115470-2 | Flodyne 3J45
005 Solenoid valve, 3-way SVSK115359-1 | Flodyne 2A3572S
051 Solenoid vaive, N.C. SVSK120803-1 | Flodyne 2A15048
051A Solenoid valve, N.C. None Skinner 71215SN1GNOONOH111P3
053 Solenoid valve, N.O. SVSK120803-2 | Flodyne 2A15058
080-1 Shut-off valve SVSK115406-3 | Whitey SS-14DKS4
080-2 Shut-off valve SVSK115406-3 | Whitey SS-14DKS4
080-3 Shut-off valve None Nupro SS-4P4T
080A Shut-off valve None Nupro SS4P4T4
081-1 Solenoid valve, N.C. SVSK115466-2 | Flodyne 2J17
081-2 | Solencid valve, N.C. SVSK115466-2 | Flodyne | 2J17
081A Sample valve None Nupro SS-4LA
104-1 Check valve SVSK114347-1 | Autoflow 291900-1
104-2 Check valve SVSK114347-1 | Autoflow 291900-1
105-1 Check valve None Nupro SS-CHS4-1/3
105-2 Check valve None Nupro SS-CHS4-1/3
105-3 Check valve None Nupro SS-CHS4-1/3
120 Differential back pressure | SVSK115351-3 Autoflow DR6104-514
Tegulator
125 Relief valve SVSK115354-1 | Flodyne 2A260RL
126A Relief valve None Nupro SS-CHS4-5
127 Differential back pressure SVSK115351-4 | Autoflow DR6104-516
lator
130 Differential back pressure | SVSK115351-5 Autoflow DR6104-517
regulator
163 Relief valve None Nupro SS-RL3S4
167-1 Sample valve None Whitey SS-14DKS4
thru -7
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TABLE 4.11-1
SPE OXYGEN GENERATOR ASSEMBLY
PARTS LIST
ITEM ITEM HSD VENDOR VENDOR
NUMBER DESCRIPTION PART PART NUMBER
NUMBER
250 Filter SVSK114340-1 | Nupro SS-4FW-15
295 Deionizer bed SVSK116644-1 | HSD SVSK116644-1
463 Recirculation pump SVSK116585-1 | Micropump 81492 025
464 Feed water pump SVSK116585-2 | Micropump E7585 059
554A Heat exchanger None Exergy 00463
605-1 Metal bellows accumulator SVSK116033-1 | Westport Dev 130118
605-2 Metal bellows accumulator SVSK116033-1 | Westport Dev 130118
606 Metal bellows accumulator SVSK116035-1 | Westport Dev 130119
611 Nitrogen accumulator None Whitey 316L-HDF4-500
7061 Pressure sensor None Druck PDCR130/W/C-0520
7062 Pressure sensor SVSK117247-5 | Druck PDCR130/W/C
7063 Pressure sensor None Druck PDCR130/W/C
708 Differential pressure SVSK117248-3 | Sensotec Model 060
sensor
709 Differential pressure SVSK117247- | Druck PDCR130/70WL/C
sensor 10
736-1 Temperature sensor SVSK111142-2 | RdF 21637
736-2 Temperature sensor SVSK111142-2 | RdF 21637
745 Flow switch None efector STN12ABBEL/S
746-1 Combustible gas sensor SVSK115299-1 | General SC100
Monitors
746-2 Combustible gas sensor SVSK115299-1 | General SC100
Monitors
746-3 Combustible gas sensor None General 10058-1
Monitors
7464 Combustible gas sensor None General 10058-1
Monitors
749 Pressure sensor SVSK119328-1 | Kulite IPTE-51-1000-100D
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TABLE 4.11-1
SPE OXYGEN GENERATOR ASSEMBLY
PARTS LIST
ITEM ITEM HSD VENDOR VENDOR
NUMBER DESCRIPTION PART PART NUMBER
NUMBER
755 Conductivity sensor SVSK118458-1 | Sensor CS1042-0.1-HS-SAE-HP
Development
762-1 Temperature sensor SVSK111142-3 | RdF 21628
7622 Temperature sensor SVSK111142-3 | RdF 21628
B12A Flow restrictor None Lee Co. VDLA4326565H
906 Electrolysis module SVSK116112-1 | HSD SVSK116112-1
907 Oxygen phase separator SVSK116112- | HSD SVSK116112-101
101
908 Hydrogen phase separator SVSK116112- | HSD SVSK116112-102
102
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After successfully completing a purge of the hydrogen circuit, the nitrogen
purge valve, Item 053, is energized closed and the nitrogen reference system
begins to pressurize. Once the nitrogen pressure reaches 50 psia, the system
will transition from the PURGE state to the PROCESS-VENT state, where
current to the electrolysis cell stack is ramped to approximately 26 amps, the
current level required to produce oxygen on a continuous basis at the rate of
7.4 lby/day. Oxygen gas will be delivered to the oxygen outlet interface,
while a mixture of nitrogen and hydrogen will be delivered to the hydrogen
vent interface. At this time the bellows control laws are active; should the
water level in the water recirculation loop metal bellows accumulator fall
below a predetermined value, the feed pump (Item 464) will be energized to
draw water from either of the two feed water bellows tanks. Feed water from
the facility is introduced whenever the level in the feed tank falls below a
preset level and the four-way ball valve is in a particular position. Detailed
information regarding the operation of the metals bellows accumulators and
associated hardware is available in the Process Controller Software
Requirements Specification.

Once the hydrogen circuit has been sufficiently purged of nitrogen, the
system enters the PROCESS state. Once in the PROCESS state, the current
to the electrolysis cell stack is set to a level based on the user inputs for
oxygen production and LIGHT/DARK side requirements. In addition, the
three-way solenoid valve (Item 005) switches the flow of hydrogen from the
vent interface to the outlet interface provided the user has selected
REDUCTION for hydrogen delivery (refer to the Operations Manual). The
system will remain in the PROCESS state until either the user changes
modes, or a system fault is detected. If PERIODIC oxygen delivery was
selected, the current to the electrolysis cell stack is reduced to a trickle value
of 1 amp once the LIGHT side of the simulated orbit has been completed. The
current remains at 1 amp for the duration of the DARK side, and is
sufficiently high enough to maintain polarization of the electrolysis cells and
to prevent decay in the hydrogen pressure. During the DARK side, the water
recirculation pump remains on, the bellows level control laws remain active,
and all system instrumentation continues to monitor system health. Once
the DARK side of the simulated orbit has been completed, the preset current
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level is restored to the electrolysis cell stack and full oxygen production

returns.

If the user had selected the STANDBY mode instead of the ON mode, the
SPE OGA would transition at the end of the PROCESS-VENT state to the
HOLD state rather than to the PROCESS state. The HOLD state places the
OGA in a configuration identical to that of the DARK side of the simulated
orbit; however, the system will remain in this state until either the user
changes modes or a system fault is detected.

Termination of the test can be accomplished during operation in any mode or
state within a mode by selecting either the IMMEDIATE SHUTDOWN mode
or the OFF mode. If the OFF mode is selected, the system transitions to the
RECIRC state. In the RECIRC state, power to all actuated components
within the system is removed with the exception of the recirculating water
pump. The pump remains on for an additional two minutes to purge the
recirculation loop of oxygen. With power removed from the remainder of the
actuated components, a nitrogen purge and corresponding depressurization of
the hydrogen circuit occurs. The IMMEDIATE SHUTDOWN mode removes
power to all actuated components, including the recirculating water pump,
and should therefore be used only in the event of an emergency shutdown.

A nitrogen purge and subsequent depressurization of the hydrogen circuit is
accomplished once power is removed from the purge valve, Item 053. Should
the purge valve fail to open during the shutdown, the emergency
depressurization valve (Item 051) is opened and, when the nitrogen-hydrogen
differential pressure exceeds 45 psid, the nitrogen-hydrogen relief valve
(Item 125) opens to purge and safely depressurize the hydrogen circuit.
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5.0 SYSTEM TESTING

The refurbished SPE Oxygen Generator Assembly was subjected to an
acceptance test program as defined in the Master Test Plan contained in
Appendix B. The purpose of the acceptance test program Wwas to verify the
effectiveness of the refurbishment by demonstrating elimination of
operational deficiencies present in the original system, and operation of the
system at various oxygen generation rates and in a cyclical manner. After
successfully completing a thorough check-out test, including proof pressure
and leakage testing, anomaly verification testing and mode/state transition
testing, the unit operated for 743 hours, including 693 hours in the cyclic
mode of operation. With a simulated orbit of 90 minutes, the system
completed approximately 460 cycles of light side/dark side operation. Power
requirements of the different components in the system were recorded in
Appendix A of the test plan, and flow measurements at different operating
conditions were made and recorded in Appendix B of the test plan. The gas
quality of the product gases was also determined through standard laboratory
analytical techniques, with the results indicating no cross contamination of
one gas with the other at the detection level of the instrument (see
Appendix C of the test plan). Specific test results and findings are detailed in

the following sections.

51 Electrolysis Cell Stack Performance

The electrolysis module, consisting of 18 SPE electrolysis cells, was
assembled and successfully completed its check-out tests in January 1995.
The module was then placed in a separate test rig to conduct performance
testing as defined in the test plan. However, the average cell potential for the
module at 90°F was 1.884 Vdc, over 100 mV higher than expected. Chemical
analyses of the effluent from the module, in conjunction with other analytical
techniques, revealed that the stack had been contaminated with a sodium
salt from the test rig. The con ination of the rig likely occurred while
moving the rig from the test facility in Building 20B to the new facility in
Building 2. A decision was made to disassemble the module and replace the
membrane and electrode assemblies. The cell mechanical hardware, as well
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as the test rig, were cleaned and subjected to numerous rinses with fresh DI
water. In addition, a single cell was assembled and placed on test to verify
the cleanliness of the test rig. A new module was assembled and
subsequently placed on test. The average cell potential was 1.751 Vdc for the
100+ hour run, approximately 130 mV better than the initial build. Figure
5.1-1 displays the average cell potential for electrolysis module build-up #1
and #2.

Performance of the 18-cell stack operating in complete SPE OGA is
presented in Figure 5.1-2 as average cell potential versus OGA operating
time. Average cell potential is approximately 1.80 Vdc for the first 50 hours
of operation, where the OGA was producing 7.4 Ibm/day of oxygen on a
continual basis. Cyclic testing of the system began at approximately the 50
hour mark, with the cell stack producing the requisite amount of oxygen at a
60% duty cycle (54 minutes on / 36 minutes off). The average cell potential at
70°F varies between approximately 1.85 Vdc when the stack is at its required
load, to approximately 1.55 Vdc when the stack is at its standby level of 1
amp. At approximately the 120 hour mark, the oxygen requirement was
increased to 8.14 lbm/day, decreased to 6.66 lbm/day, increased to 8.14
Ibp/day, and finally returned to 7.4 Ibp/day. The oxygen and hydrogen flow

described in the master test plan. At approximately the 140 hour mark, the
duty cycle was changed to 66% (60 minutes on / 30 minutes off) to verify
proper generation rates at an off design duty cycle. The duty cycle was
changed to 53 minutes on / 37 minutes off just prior to the 480 hour mark in
the test program when it was realized the space station orbit of 54 minutes
on/ 36 minutes off was no longer valid.

The average cell performance was stable throughout the entire test program.
In particular, when the deionizer bed was removed from the recirculating
water loop due to flow anomalies to be discussed in a later section, there was
no discernible difference in the average cell potential.
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The oxygen and hydrogen production rates are plotted in Figures 5.1-3 and
5.1-4, respectively, and are a measure of the instantaneous production rates
of the OGA. For example, in order to provide the nominal daily requirement
of 7.4 Ibpy/day at a 60% duty cycle, the instantaneous oxygen production rate
would have to be 12.33 Iby/day, as depicted in the plots. As stated earlier,
the oxygen and hydrogen flow rates were verified correct at the minimum,
nominal and maximum oxygen requirement.

Current to the electrolysis cell stack is presented as Figure 5.1-5. The plot of
current vs. time mimics those of the gas production rates since the latter are
a direct function of the former. The standby current level for the system from
hour mark 50 to 145 was 2 amps; however, this level was reduced to 1 amp
when testing revealed the electrolysis power supplies could be adequately
controlled at such a low current level.

5.2  Recirculating Water Loop Performance

One of the key reasons for refurbishing the LFSPE 0oXygen generation
subsystem was its inability to adequately prime during system start-up. The
original system employed a water purging technique at system start-up in
order to purge the loop of oxygen that had come out of solution during system
depressurization. However, the purge typically lasted 30 minutes or longer
and was only about 50% effective in priming of the recirculation water pump.
The refurbished SPE OGA eliminated this pump priming problem by:
reducing the loop operating pressure; maintaining the pump inlet above
ambient pressure during all aspects of system operation; and, repackaging
the system to minimize potential 1-g gas traps. As part of the acceptance test
program, the SPE OGA was subjected to a number of powered and
unpowered shutdowns to determine the effectiveness of the system changes
to allow proper operation of the recirculation pump during system start-up.
After each system shutdown and restart, the pump was able to prime and
begin recirculating water through the system in only a matter of a few
seconds.
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Additional changes to the recirculating water loop included modifying the
bellows accumulator level sensor, incorporating a liquid to liquid heat
exchanger, and replacing the pressure sensor used to calculate a water flow
rate with a thermal flow switch. The bellows accumulator level sensor was
modified from seven discrete switch points to an analog device, allowing the
controller and the operator to know more accurately the level within the
accumulator at all times. The liquid to liquid heat exchanger, as mentioned
earlier, maintains the correct operating temperature of the recirculating
water loop even with all 18 cells operating at a cell potential of 2.5 Vdec. The
flow switch monitors the flow rate to the module, and initiates a system
shutdown if a low flow condition occurs.

During the first half of the test program the flow switch registered a number
of low water flow conditions, sometimes resulting in a shutdown of the
system. A low flow shutdown is triggered by the system controller if the
recirculating water flow rate is below the flow switch setpoint for 10 seconds.
The calibration of the flow switch was checked a number of times and was
found to be correct on all occasions. The speed of the motor, and hence the
water flow rate, was increased incrementally from 0.48 GPM to 0.60 GPM to
determine if higher flow rates would prevent the shutdown from occurring.
However, a number of low flow conditions were recorded after the pump
speed was set at the 0.60 GPM setting.

A number of actions were taken with respect to the recirculation water loop
hardware in an attempt to resolve the low flow condition. At the 190 hour
mark, the deionizer bed was removed from the recirculation loop. The bed
was removed since, due to its high pressure drop, it was a source for dissolved
oxygen to come out of solution and, because of its geometry, it acted as a 1-g
gas trap. The theory was that the gas bubbles which collected in the bed
housing would cause channeling in the resin bed, resulting in even higher
pressure drops. Eventually, sufficient gas would collect in the bed housing to
cause the pump to stall. Or, the bubbles would escape the bed and migrate to
the flow switch, causing it to trigger a loss of flow condition. The system was
returned to test; however, the occasional low flow condition persisted.
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At the 215 hour mark, the oxygen phase separator was rotated 90° since,
after further reviewing the package assembly, it was deemed to act as a 1-g
gas trap. Figure 5.2-1 depicts the orientation of the phase separator before
and after the rotation. As the oxygen-saturated water flows through the
hydrophilic membrane of the phase separator assembly, some of the oxygen
comes out of solution as tiny gas bubbles. The original orientation of the
phase separator had the water outlets at the 3 and 9 o'clock positions,
allowing the bubbles to coalesce and collect in the top half of the water
cavities of the assembly. Changes in the operating pressure or temperature
of the phase separator assembly could cause the gas bubble at the top of these
cavities to expand, resulting in a substantial quantity of gas becoming
entrained in the water outlet ports. The gas would flow to the bellows
accumulator and finally to the pump inlet, resulting in cavitation of the
pump. Hence, the phase separator assembly was rotated 90° such that the
water outlets were at the 6 and 12 o'clock positions. In this manner, oxygen
bubbles evolving from solution would be swept out of the water cavity in a
more uniform manner, rather than as potential slugs of gas. The system was
returned to test, but still occasional low flow conditions occurred.

At approximately the 265 hour mark, the OGA was shutdown, and the
following actions were undertaken to determine the cause for the occasional
low flow condition:

* A strip chart recorder was installed to monitor the output signal from
the flow sensor, and the input signals to the two motor controllers
that drive the brushless DC motors on the recirculating water pump
and the feed water pump.

* A rotameter waé installed at the pump outlet to visually monitor the
flow rate of the recirculating water loop. The rotameter was installed
in the loop using 3/8" 0.D. PFA tubing.

* The 3/8” O.D. stainless steel tubing connecting the water output from

the phase separator to the bellows accumulator inlet, and that
connecting the bellows accumulator outlet to the pump inlet were
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replaced with translucent PFA tubing. A video camera was installed
in the test facility to monitor the water quality exiting the phase
separator-entering the bellows accumulator and exiting the bellows
accumulator-entering the pump inlet.

The system was returned to test and, as expected, it was observed that the
oxygen phase separator water outlet occasionally released a stream of small
gas bubbles into the water outlet. However, it was also observed that the
bubbles entering the bellows accumulator tended to coalesce, resulting in
larger bubbles exiting the accumulator and entering the pump inlet. A
review of the bellows accumulator geometry revealed that the port
connections of the tank were below the dome of the accumulator such that it
became a 1-g gas trap.

On the morning of May 23, at the 322 hour mark, a low flow condition was
registered on the strip chart recorder. The duration of the low flow condition
was approximately 8 seconds, 2 seconds short of triggering an alarm
condition. A review of the video tape revealed that a fairly large stream of
bubbles exited the phase separator and were deposited into the bellows
accumulator. A second stream of bubbles emerged from the separator and
entered the accumulator, followed by a large stream exiting the accumulator.
The pump immediately became gas bound and the flow of water ceased. A
large bubble was trapped directly at the pump inlet and at the exit of the
bellows accumulator. During the 8 second period, the pump was able to
“consume” the bubble, and flow was reestablished.

In order to prevent the bellows accumulator from behaving as a 1-g gas trap,
the plumbing to it was modified such that the flow of water went directly
from the phase separator outlet to the pump inlet, with the bellows
accumulator connected to the recirculating water pump on the run of a union
tee. In this manner the bellows still functions as an expansion volume during
cell stack current changes and as a batch feed tank for the electrolysis
process. The system was run for approximately 144 hours without indication
of a loss of flow condition. At approximately the 475 hour mark, the PFA
tubing was replaced with stainless steel tubing, and the rotameter was
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removed from the recirculating water loop. The SPE OGA continued to
operate without a loss of flow condition during the remaining 270 hours of the

test program.

Pressure drop across the hydrophilic element of the oxygen phase separator is
presented in Figure 5.9-2. The different events that led to changes in the
pressure drop are depicted in the text boxes on the graphs. Tke change that
is of most interest, however, is shortly after the rotameter was removed from
the system and the PFA tubing was replaced with stainless steel, at the
475 hour mark. When testing was resumed, it was observed that the
pressure drop across the hydrophilic element experienced a number of
transients, as did the pressure at the cell stack outlet (see Figure 5.2-3).
Although the pressure drop was significantly lower than the 36 psid bubble
point of the hydrophilic membrane, it was a phenomenon that had not been
observed before and therefore required investigation.

While reviewing the test data, it was determined that most of the transient
conditions occurred shortly after the feed pump completed introducing water
into the recirculation loop. Since the majority of the recirculation water loop
resistance is downstream of the feed pump, introduction of an additional
volume of water into the loop results in a pressure rise that is eventually
dampened once the additional water volume passes through the separator
and the normal flow/pressure regime is re-established. The transient was not
observed when the rotameter and PFA tubing were in the loop since the
volume of water introduced was a smaller percentage of the loop volume
upstream of the phase separator. This additional loop volume dampened the
pressure transient to essentially zero at the phase separator inlet. In order to
reduce the spike of the transient, the feed pump outlet was relocated from
immediately upstream of the electrolysis cell stack to immediately
downstream of the recirculation pump outlet at the 670 hour mark. In
addition, the volume of water introduced by the feed pump was reduced.
These two events helped to reduce the frequency and amplitude of the
transient conditions. Overall, the performance of the oxygen phase separator
was satisfactory through the duration of the test program.
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5.3

As stated earlier, the hydrogen phase separator was revised to include two
hydrophilic-hydrophobic cavities rather than a single hydrophilic element,
and to eliminate the hydrogen sense cell whose function had been essentially
bypassed during the 1990 test program. The performance of the hydrophilic-
hydrophobic portion of the refurbished phase separator was satisfactory
during the conduct of this test program. The pressure drop across the
hydrophilic element is presented as Figure 5.3-1. This separator also
experiences transients in hydrophilic membrane differential pressure;
however, these transients occur when the system is transitioning from the
dark side of the orbit to the light side. When the current to the electrolysis
cell stack begins to increase, the hydrogen gas which serves as the reference
pressure for the differential back pressure regulator increases in pressure
more rapidly than the water at the inlet of the regulator. As a result, the
differential pressure measured across the hydrophilic element climbs and
remains high until the water pressure can catch up. The length of the
transient condition is typically less than 30 seconds, and the differential
pressure never exceeds the 36 psid bubble pressure of the hydrophilic
membrane. The data plots only show pressure transients centered about the
60 hour mark and the 440 hour mark due to the fact the data is logged to disk
only once every 5 minutes, and the duration of the transition is only
approximately 30 seconds for each 90 minute cycle.

The electrochemical hydrogen pump performance was satisfactory throughout
the duration of the program. However, the circuit which controls current to
the cells experienced some problems. Since the electrochemical hydrogen
pump cells behave as large capacitors, a special circuit had been designed to
control the current to the cells. However, the circuit frequently
malfunctioned, resulting in the cells either not charging at all or charging too
rapidly. If the cells tried to charge too rapidly, the power supply would go
into current limit mode by reducing the voltage to the load. The problem was
later traced to an electrical contactor that was in the process of burning out
and finally failed closed, resulting in damage to the components in the control
circuit. An analysis of the circuit revealed that the power supply sense line
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connected to the positive terminal of the electrochemical hydrogen pump cells
provided a current path from the charged cells back to the power supply once
power was removed from the supply. With voltage present at the contacts of
the electrical contactor while the relay was switched, significant arcing
occurred resulting in the contactor ultimately failing closed. The circuit was
rewired to connect the power supply positive sense line directly to the power
supply cutput line rather than the positive terminal of the hydrogen pump
cells, thereby eliminating the current path back to the power supply.
Corrections to the power supply control circuit were completed at the 265
hour mark, with satisfactory performance for the remainder of the test
program. The average hydrogen pump cell potential and total cell current
are presented in Figures 5.3-2 and 5.3-3, respectively. The cell potential is
maintained at approximately 1 Vdc by the power supply; the total current
typically varies between 0.25 amps for the standby level, and 0.50 amps for
full production. Occasional spikes in the current are attributed to the in-rush
current associated with charging completely discharged pump cells.

The hydrogen generation pressure is presented in Figure 5.3-4. The
hydrogen pressure varies as a function of the generation rate due to the
pressure drop across the Ttem 104-1 check valve, and the error associated
with the Item 120 back pressure regulator. At approximately the 265 hour
mark, the Item 053 purge valve experienced a shorted coil, resulting in a
system shutdown and depressurization. The valve was removed and
returned to the vendor to replace the coil and to add a heat sink to the valve
housing to reduce the coil operating temperature. While the valve was being
repaired, a spare valve was installed in its place and connected to the system
plumbing with Teflon hoses. During this time period, the nitrogen inlet valve
began cycling because the system nitrogen pressure was decaying. Since the
regulator controlling hydrogen pressure is referenced to nitrogen, as the
nitrogen pressure dropped the hydrogen pressure followed. In order to
prevent the system from experiencing a shutdown due to low hydrogen
pressure, the setpoint which controls the opening of the facility nitrogen valve
was increased. The Item 053 valve was re-installed into the system at the
375 hour mark; performance of the nitrogen-reference hydrogen pressure
control system was satisfactory for the remainder of the test program.
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The redundant bellows accumulators (Items 605-1 and -2) manage the feed
water from the facility as well as the protonically pumped water from the
hydrogen phase separator. In addition, as outlined in the system description
section, the fill rates and absolute volume of each tank serve ag a method of
diagnosing the health of the hydrogen phase separator assembly. During the
first 475 hours of operation, the control laws governing operation of these
dual accumulators were varied a number of times to try to match actual
system performance. The variables that were adjusted included the factor
used to calculate the proton water flow rate; the tolerance for the calculated
£l rate versus the measured fill rate; the setpoints for introducing feed water
into the tanks from the facility; and the maximum volume for each of the
tanks. The first two variables were the most difficult to establish since the
level sensors for the bellows accumulators, although they provide an analog
output signal, take approximately 1 in3 step changes in their volume
readings. During this time, the system experienced a few shutdowns due to
improper filling of the bellows accumulators. The final control laws were
implemented at the 475 hour mark; the operation of the bellows tanks was
flawless for the remainder of the test program. Total water volume managed
by the dual accumulators is presented in Figure 5.4-1.

3.5  Electronic Test Data

The software for the Command & Display Unit (CDU) was created to record
data both on a line printer and to disk. When recording data to disk, the
CDU writes the data to a buffer at the rate of once per second such that, in
the event of a system failure, the CDU will record data for the 30 seconds
preceding the event. The data from disk can be imported into a spreadsheet
program for data manipulation and the generation of trend plots similar to
those presented in this report.

During the conduct of this test program, data was recorded at the rate of once
per minute to the line printer, and once every 5 minutes to the digk during
normal operation. Rather than producing photocopies of the line printer
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data, a set of 8 floppy disks containing the electronic data is being provided
as part of this report. The data has been compressed and is stored in self-
extracting archives. The self-extracting archives will work with any
Macintosh computer model except the 128K and 512K. The extracting
computer must be running System File 3.2 or higher, and it must have 313K
bytes of free memory available. The files were created using Microsoft Excel
4.0, and compressed using Compact Prc, on a Macintosh II computer
operating with System Software 7.0.1.

The data files have been manipulated into two categories: total data and
process data. Total data represents all the test data, including data recorded
in the PURGE, PROCESS-VENT, PROCESS, and FAILURE states. The
process data files only contain data while the system was in the PROCESS
state; this data was used in the generation of the trend plots presented in this
report. The total data was useful for troubleshooting; however, since it
contains all the test data, these data files can be cumbersome to work with.

6.0 FIELD SUPPORT

Hamilton Standard will verify proper installation of the SPE OGA into the
NASA/MSFC test bed and will provide on-site support during the test
program. This support will be provided primarily by Hamilton Standard
personnel resident in Building 4755. In addition, Hamilton Standard
personnel based in Windsor Locks, Connecticut, will be available as necessary
to provide test support.

7.0 CONCLUSIONS AND RECOMMENDATIONS

The effort to refurbish the SPE Oxygen Generator Assembly has been
extremely successful. The system has been revised to eliminate the
operational deficiencies present in the original unit, and has successfully
implemented other design changes to allow variable, cyclic oxygen generation
in order to satisfy the new mission requirements for the ISSA. In particular,
the SPE electrolyzer, oxygen/water and hydrogen/water phase separators, the
three key elements of the SPE OGA, have demonstrated their unique ability
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to perform over a wide range of variable operating conditions, and to adjust to
those conditions rapidly. Transitions from the light side of the orbit to the
dark are made instantaneously, while the reverse direction takes
approximately 40 seconds and appears to be only limited by the performance
of the back pressure regulator controlling the hydrogen phase separator.
During this acceptance test program, the SPE OGA completed approximately
460 cycles simulating the space station orbit, demonstrating flawless
performance of these technology items.

Since the goal of this effort was to develop a reliable, robust system that
successfully demonstrated the viability and flexibility of the SPE OGA to
meet the ISSA requirements, this technology demonstration system did not
address other key issues such as weight, volume, or total system power
requirements. The progression.of the SPE OGA to a flight design could
possibly include:

1) Reducing the weight of the cell stack and phase separator
compression system, possibly through the use of composite end
plates.

2) Reducing the weight of the nitrogen-hydrogen gas management
system by eliminating the valve manifold and incorporating an all-
welded tube assembly.

3) Reducing the power of ancillary equipment by using latching valve
assemblies rather than solenoid valves, and eliminating the feed
pump by resizing and redesigning the feed water bellows
accumulators. |

4) Fine tuning of the pressure control system for the hydrogen phase
separator if the present transition rate from dark to light
(approximately 40 seconds) is too long.

The refurbished SPE Oxygen Generator Assembly could serve as a test
vehicle for evaluation of these and other design concepts that would allow for
the steady development of a flight system.
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APPENDIX A

MASTER TEST PLAN
FOR
BASELINE TESTING
OF THE
LFSPE OXYGEN GENERATING ASSEMBLY (OGA)
CONTRACT NO. NAS8-38250-23
SEPTEMBER 1994



1.0 OBJECTIVE

The purpose of this Master Test Plan is to define a series of tests to be
performed on the LFSPE OGA prior to refurbishment of the unit, The OGA
has been returned to Hamilton Standard to correct operational deficiencies
identified during field testing of the unit, and to effect hardware and software
changes to the System in order for it to be consistent with the most recent

from this test program will be compared to that generated during the last
baseline test conducted at NASA/MSFC in Building 4755 in December 1990.

2.0 TEST ARTICLE DESCRIPTION

The test article consists of a complete liquid anode feed water electrolysis
system including a 12-cell SPE® water electrolyzer, water/oxygen phase
Separator and hydrogen/water phase separator, and a DC power supply cart
with interconnecting cables. The package layout is defined in Hamilton
Standard drawing number SVSK116600 Rev. A. Installation of the system
into the facility will be in accordance with the Interface Control Document,
TDH-ICD/99 Rev. E.

3.0 TEST PLAN

This section defines the tests to be performed on the LFSPE OGA once
installation into the facility is complete. At the conclusjon of each ph.ase of

3.1 Verify Installation

Prior to operation of the unit, proper installation into the test facility must be
veriﬁec.l.. For purposes of this test program, oxygen will be allowed to vent to

power supply.

Once installation into the facility is completed, the Command and Display
Unit (CDU) software will be loaded into an IBM personal computer which
will serve as the CDU. A harness linking the Electrical Interface Box (EIB)

® SPE-Registered trademark of Unted Technologies Corporation, Hamilton Standard Divigion
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to the CDU will be installed, and a line printer to record system performance
data will be connected to the computer. '

27A
. 4 4
Conducted byt-@é_w( Verified by:/O‘j - //A"ﬁ"é’ff’

3.2 Verifv Software Setpoints PAS ~odD: 377555

After verifying installation of the LFSPE OGA into the test facility, the unit
can now be energized. Electrical power is provided to the system by turning
the 115 Vac and 28 Vdc circuit breakers (CB1 and CBS3, respectively) located
at the top of the EIB to the "ON" position. Initiate the CDU program and
verify the system status is in the OFF mode, OFF state, NORMAL status.
Select the VIEW OPERATION screen by depressing the F6 key. Verify the
values for the setpoints by comparing to the Static Parameters State Table
(SYS-15) of the Software Requirements Specification for the LFSPE OGA,
TDH-SRS/99 Rev. F (red-lined). A copy of the table is included for reference,
Record and resolve any discrepancies between the values in the table and
those displayed on the screen.

éé:z ; y /3
Conducted by: - 1/:1/Fy Verified by:/ 0 //// ?""Qﬁ z 7’7

3.3  Verifv Manual Mode AL 45y s

While in the OFF mode, OFF state, and with the system status NORMAL,
select the MODE SELECTION screen by depressing the F3 key. Select the
MANUAL mode. Depress the F5 key to select MANUAL OPERATION, and,
at the prompt, enter the appropriate password to access the table. Actuate,
in order and singularly, the components listed in the table. Deactivate each
component upon verification of its proper operation, and record the test
results on the hard copy of the MANUAL OPERATION screen included in
this test plan. Record and resolve any problems encountered during
actuation of any component. Some components may not be actuated in the
MANUAL mode should the control laws governing their operation not be
satisfied. Refer to the MANUAL MODE DEFINITION section of the SRS
(SYS-21) for additional information.

Conducted by:‘ﬁ#_%_#y Verified by: X ﬂ %—«&/ﬂ’;ﬁ

3.4 Baseline Test

A performance test of the LFSPE OGA will be conducted to establish a
baseline for the electrolysis cell stack, the water/oxygen and hydrogen/water
phase separators, and heat rejection requirements for the recirculating water
loop. In addition, the test will verify the integrity of the system

A-4
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WA L NITED
\‘“’/4 TECHNOLOGIES

HAMITON TDH-SRS/99
STANDARD Rev. F
SYS - 21
MANUAL MODE DEFINITION
SYSTEM: LFSPE
COMMENTS: PAGE 1 OF 2

(1) Power supply and power supply current are not allowed to be activated 1in
the MANUAL mode; specifically PWR785, CNTL78S, PS796 and PS797. A1l othsr
devices can pe altered manually.

(2) The recirculating water pump, PMP463, and the feed water pump, PMP464, may
be turned ON/OFF in the MANUAL mode. However, the following rules apply:

(a) If PMP464 = “ON" then:
PMP463 = "ON*"
CNTL464 = "LOWPMP*®
CNTL463 = "RECIRC"
v081-2 = “OPEN"

(b) If PMP464 = "OFF" then CNTL464 = 0.0 and v081-2 = "CLOSED".
(c) 1f PMP463 = "ON" then CNTL463 = "RECIRC®

(d) If the operator commands PMP463 = "OFF", the operator must manually
set PMP464 = "OFF" first. If PMP464 = “OFF®, then set CNTL464 = 0.0
and VO81-2 = *CLOSED"; if PMP463= "OFF" then CNTL463 = 0.0.

(e) While any of LEV606-4 thru -7 = "ON", then operator commands for

PMP464 should be overridden by PMP464 = ®OFF", CNTL464 should be set
to 0.0 and V081-2 = "CLOSED".

(3) Upon entering the MANUAL mode, if V003 position is unknown due to a cold
software start (the last known position of the valve is lost from memory),
then PMP464 = "OFF®, CNTL464 = 0.0, V081-2 = "CLOSED" and V081-1 = "OPEN".

(a) If LEV605-1 increases by 0.5 cubic 1inches, cet V003 position to

FILL2/DRAIN1 and all associated variables to FILL2/DRAIN1, and command
v081-1 = “CLOSED".

(b) If LEV605-2 increases by 0.5 cubic inches, set V003 position to

FILL1/DRAIN2 and all associated variables to FILL1/DRAINZ, and command
v081-1 = "CLOSED". '
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A TEGHNOLOGIES

HAMILTON TDH-SRS/99
Rev. F
SYS - 21
MANUAL MODE DEFINITION

SYSTEM: LFSPE
COMMENTS: PAGE 2 OF 2

(4) The'feed water inlet solenoid valve, v081-1, may be OPEN/CLOSED in the

(5)

(6)

MANUAL moce. However, the following rules apply to prevent over extension
of the feed water bellows accumulators, Items 605-1 and 605-2.

After the position of V003 is determined:
(a) If v003 = "FILL1/DRAIN2* and

(1) If LEV605-2 < = "LOWLEV*® then
Command V081-1 = “QPEN"

(11) If LEV605-2 > « "MEDLEY" then
command Y081-1 = *CLOSED"

(b) If V003 = “FILL2/DRAIN1" and

(1) If LEV605-1 < - "LOWLEV* then
command V081-1 = “QPEN®

(11) If LEV605-1 5 « “MEDLEV® then
command V081-1 = *CLOSED"

The water purging valves, v081-3 and V081-4, may be OPEN/CLOSED in the
MANUAL mode. However, the following ryles apply:

(a) If v081-3 = "OPEN", set V081-4 « "OPEN".

(b) If the operator commands V081-4 = *CLOSED", the operator must manually
set V081-3 « *CLOSED" first.

The nitrogen inlet valve, V051-2, and the system nitrogen purge valve,

V053, may be OPEN/CLOSED 1n the MANUAL mode. However, the following rule

appiies to prevent pressurizing the system:

() If P706-2 > = “AMBPRESS" psia, then set V0S3 = *"QpgN",

A-=8.



loop. In addition, the test will verify the integrity of the system
instrumentation and all actuated components prior to system refurbishment.
Any malfunctioning component will be identified and repaired or replaced as
necessary.

During the baseline test, a line printer will be connected to the CDU to record
key operational data such as electrolysis cell potentials, phase separator
membrane pressure drop and cell stack temperature rise. The data will be
used, in part, as a baseline to determine the effectiveness of the system
refurbishiment.

Initiate baseline testing of the system by accessing the MODE SELECTION
screen (depress the F3 key) and selecting the ON mode. The system will
transition from the OFF mode OFF state to the ON mode PURGE state.
Refer to the SRS to verify proper sequencing of components within the system
during the PURGE state. Record any discrepancies observed while in the
PURGE state, particularly operation of the recirculation pump, Item 463, and
the recirculation loop bellows accumulator, Item 606. Operation of these two
components to effectively purge the recirculation loop of gas during start-up
was ineffective during testing of the unit at NASA/MSFC.

After satisfying the requirements of the PURGE state, the system will
transition to the PROCESS-VENT state. At this point, the electrolysis power
supplies are activated and DC power is supplied to the cell stack.
Pressurization of the oxygen and hydrogen circuits in the system coincides
with gas generation. Record any discrepancies observed while in the
PROCESS-VENT state, particularly the quality of the hydrogen vent line.
During testing of the unit at NASA/MSFC, a significant quantity of water
was present in the delivery line at low hydrogen operating pressures.
Monitor cell potentials and pressure differentials across both phase
separators once gas generation has begun.

Once the requirements of the PROCESS-VENT state are satisfied, the system
will transition to the PROCESS state. Since the 3-way solenoid valves that
redirect the flow of the product gases from the VENT interface to the
OUTLET interface failed during testing in the field, there is no change in the
system status when going from these two states. Once in the PROCESS
state, select the CONFIGURATION CONTROL screen by depressing the F4
key and select the EMERGENCY setting. Verify the current to the
electrolysis cell stack increases from 60 amps to 79 amps. Return to the
CONFIGURATION CONTROL screen, and return the system setting to
NORMAL. Operate the unit at both the NORMAL and EMERGENCY
settings for sufficient time to observe any trends in performance of key
system components, such as cell potentials and phase separator membrane
pressure drop. Continue to record test data on the line printer for the
duration of the baseline test program.

Conducted by: %f 97/% Verified b%&/‘/- %/‘uﬂ/‘/f
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